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X-ray diffraction, UV-vis absorption and photoluminescence (PL) spectroscopy have been used
to study the well-known order-disorder transition (ODT) to the β phase in poly(9,9-(di-n,n-
octyl)fluorene)) (PF8) thin film samples through combination of time-dependent and temperature-
dependent measurements. The ODT is well described by a simple Avrami picture of one-dimensional
nucleation and growth but crystallization, on cooling, proceeds only after molecular-level conforma-
tional relaxation to the so called β phase. Rapid thermal quenching is employed for PF8 studies
of pure α phase samples while extended low-temperature annealing is used for improved β phase
formation. Low temperature PL studies reveal sharp Franck-Condon type emission bands and, in
the β phase, two distinguishable vibronic sub-bands with energies of approximately 199 and 158
meV at 25 K. This improved molecular level structural order leads to a more complete analysis of
the higher-order vibronic bands. A net Huang-Rhys coupling parameter of just under 0.7 is typi-
cally observed but the relative contributions by the two distinguishable vibronic sub-bands exhibit
an anomalous temperature dependence. The PL studies also identify strongly correlated behavior
between the relative β phase 0-0 PL peak position and peak width. This relationship is modeled un-
der the assumption that emission represents excitons in thermodynamic equilibrium from states at
the bottom of a quasi-one-dimensional exciton band. The crystalline phase, as observed in annealed
thin-film samples, has scattering peaks which are incompatible with a simple hexagonal packing of
the PF8 chains.
PACS numbers: 61.30.Vx,61.10.-i, 78.66.Qn, 81.30.Hd, 82.35.Cd
I. INTRODUCTION
Conjugated oligomers and polymers continue to at-
tract world-wide attention because of the great promise
of low-cost, small-format optical and electronic device
applications1,2. This goal is heavily reliant on new ma-
terials based, in part, on the synthetic addition of sol-
ubilizing side chains and the facile processing technol-
ogy that follows3,4. These chemical modifications have
also created a vast wealth of new structure/property re-
lationships which modify important physical properties
including both photophysics and charge transport and,
as a consequence, those of fabricated devices. Much
current research is aimed simply at understanding the
impact that even simple post-synthesis processing treat-
ments have on observed polymer properties.
Especially interesting are conjugated polymers incor-
porating poly(p-phenylene) based backbones. These
materials possess relatively large band gaps and are
considered suitable for applications requiring blue
emission5,6,7,8. Of these, polyfluorene derivatives
(PFO’s) are known9,10,11 for having excellent quantum ef-
ficiencies, good electron mobilities and exceptional ther-
mal and chemical stability in inert environments. Recent
work12 has focused on the properties of a small num-
ber of linear and branched dialkyl-substituted fluorenes.
Poly(9,9-(di n,n-octyl)fluorene), or PF8 as schematically
shown in Fig. 1, has received extra attention because
it exhibits mesomorphic behavior and multiple crystal
phases13,14,15,16,17. On heating of PF8 thin films one
generally observes transitions from a crystalline state
to a liquid crystalline mesophase followed by melting
R = (CH2 7) +CH3
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FIG. 1: A sketch of the poly(9,9-(di n,n-octyl)fluorene) or the
PF8 polymer.
to an isotropic phase. Consequently there are special
opportunities18,19,20,21 for studying the response of elec-
tronic and optical properties to systematic changes in
the molecular level ordering. Mesomorphic behavior is
seen in many other conjugated polymer families contain-
ing alkyl side chain substituents22,23,24 although the ex-
act details are both backbone and side chain specific. It
also extends to oligomers and oligofluorenes bearing chi-
ral side chain substituents25,26,27 and these show very
rich phase behavior.
The mesomorphic behavior of the PF8 polymer cor-
relates with the existence of two distinct backbone
conformations15,28 referred to as the “alpha” or “beta”
phase29. These two forms are distinguished by an ap-
proximate 0.1 eV difference30 in the interband pi - pi∗
transition and this effect is seen in both optical absorp-
tion and emission spectra. The shorter wavelength α
form is claimed to have increased conformational disor-
der, a less planar backbone structure and, with respect
to the interchain packing, reflective of a glassy type state.
2The explicit backbone conformations are still unknown.
A branched side chain polyfluorene derivative, poly(9,9-
di(ethylhexyl)fluorene) or PF2/6, only exhibits optical
properties relating to the α form. Diffraction studies
by Lieser et al.31 are therefore somewhat surprising be-
cause this polymer clearly adopts a well-ordered struc-
tural phase with good evidence for 51 or 52 fluorene he-
lices.
At temperatures above 80 ◦C the PF8 polymer un-
dergoes a reversible order-disorder transition (ODT) to
a polymer liquid crystal (PLC) phase consisting entirely
of the α conformation15. On cooling the polymer re-
verts back to the β type conformer although a substantial
fraction of the α form persists. In bulk PF8 samples15
this more ordered state has been associated with crys-
tallization. Thin films also manifest signatures of this
ODT but they also exhibit X-ray scattering patterns in-
dicative of a completely different unit cell structure32.
Formation of the β type conformer is also observed in
very dilute PF8/polystyrene blends15 upon exposure to
toluene vapor. While the ODT clearly occurs at temper-
atures above the cited 75 ◦C glass transition temperature
there are reports of increased conversion to the β form
and improvements in the photophysical properties from
samples cycled from 300 K down to 77 K and back to
room temperature16.
Beyond the unresolved questions concerning the fun-
damental relationship between the ODT, crystallization
and formation of the so called β phase there are a wealth
of other important issues. PFO’s typically include sig-
nificant heterogeneity and disorder and both optical and
transport data clearly reflect consequences of these ef-
fects. Compared to short oligomers most polymer op-
tical data include very broad spectral features, an ef-
fect termed inhomogeneous broadening, and this prop-
erty further complicates interpretation of these data in
many instances. To circumvent this limitation, and
to better understand the nature of the photophysics,
both time-resolved and site-selective spectroscopy are
used33,34,35,36. It has also proven useful to investigate
isolated oligomers while frozen within various inert or-
ganic matrices35. Ultimately one is interested in discern-
ing intrinsic properties of the polymers from those which
are simply reflective of residual molecular level disorder.
This communication addresses the nature of the ODT
in the PF8 polymer and its relationship to formation of
the β phase and crystallization. Our most important re-
sult in this respect is to demonstrate that formation of
the β phase has properties consistent with a simple pic-
ture of nucleation and one-dimensional growth but that
overt crystallization occurs as a secondary process and,
depending on the temperature, with much longer char-
acteristic time frames. A second, seemingly fortuitous
result demonstrates that much of the low-temperature
spectral broadening in the PF8 polymer is an extrin-
sic property that relates only to the processing history.
Emission spectra, from cast-films having reduced disor-
der, exhibit a marked vibronic structure at low temper-
atures. These enable a better overall analysis of the
Franck-Condon type vibronic signatures and a clearer as-
sessment of the overall impact of processing history in
temperature-dependent studies.
II. EXPERIMENTAL METHOD
Synthesis of the poly(9,9-(di-n,n-octyl)fluorene is re-
ported elsewhere37,38. The PF8 polymer used in this
work was acquired from American Dye Source (polymer
BE129) and used as received. An unfiltered 1% w/w
solution of polymer in tetrahydrofuran (THF) was pre-
pared and then placed in an ultrasonic bath for over one
hour to maximize dissolution. Some reduction in the
molecular weight may have occurred39 but the absorp-
tion and emission maxima were comparable to previously
published values. For optical studies the solution was
initially drop-cast or spin-coated onto 100 µm thick sap-
phire substrates. Because toluene is considered to be a
good solvent the 1% solution was subsequently diluted
to ca. 0.5% w/w by addition of toluene and again drop-
cast or spin-coated (at 3000 rpm for 60 sec). All polymer
films were dried in air at ambient conditions and then
mounted for further study. Thick films appeared soft and
“gummy” for extended periods after casting suggestive of
significant residual solvent. In this paper we include re-
sults from three different samples: A, a drop-cast film
from the 1% PF8 w/w THF solution; B, a drop-cast film
from the 0.5% w/w THF/toluene mixture; C, a spin-cast
film from the 0.5% w/w THF/toluene mixture.
Steady-state UV-vis absorption (Abs) and photolu-
minescence (PL) spectroscopies were performed using
a custom-built spectrometer equipped with a vacuum
oven/cryostat chamber. This chamber also included a
nozzle port which could direct a pressurized jet of CO2
spray onto the sapphire substrate for in situ quenching
experiments. Cooling rates down to a base tempera-
ture of ca. -50 ◦C were estimated to be well in excess
of 25 ◦C/sec. Once quenched, samples could be further
cooled using a cryostat cold finder (either liquid N2 or,
less frequently, a closed-cycle He displex). A single ar-
ray spectrometer (Ocean Optics USB2000, range 200-800
nm with better than 2.8 nm FWHM resolution) was used
to sequentially acquire both absorption and PL spectra
from superimposed illumination areas. For excitation a
150 W Xe lamp (Oriel 4220) was coupled to a primary
monochromator (JY HT 20) and then focused to give a
0.4 × 0.8 mm spot on the polymer film. A focusing fiber
optic cable was configured to pipe white light (from the
Xe lamp) onto the sapphire substrate from behind. The
sample chamber was equipped with a manually operated
X-Y-Z translation stage.
All sapphire substrates included areas that were kept
polymer free. These locations were then used as a ref-
erence point for the absorption measurements. Absorp-
tion variations of less than 0.002 could be reproducibly
resolved. Spin-cast films required additional treatment
3to obtain a polymer free area. This was achieved by
dipping the substrate halfway into pure toluene multiple
times. The dipping was arranged so that there was al-
ways an intermediate strip with much reduced film thick-
ness. Typical PL or Abs spectra required five seconds or
less of data acquisition time. Because both absorption
and PL were acquired the PL data could be corrected
for self-absorption. Even in the worst cases (i.e., “thick”
samples in the α phase) the overall effects of this correc-
tion at energies below 3.0 eV were relatively minor. Data
that include self-absorption corrections are indicated in
the respective figure captions.
X-ray data was recorded using a powder diffractome-
ter, based on an Inel CPS-120 position sensitive detector,
mounted to a 15 kW rotating anode X-ray generator (Cu
Kα = 1.542 A˚). All beam paths were He gas-filled to min-
imize absorption and air scatter. For this work the goal
was simply to reproduce as closely as possible the condi-
tions used in the optical spectroscopy while compensat-
ing for the limited sensitivity of the X-ray diffractome-
ter in transmission mode geometry. Because of the weak
scattering signal from the polymer it was necessary to in-
crease the film thickness by drop casting between 10 and
20 times onto the same spot area. To minimize absorp-
tion effects the polymer was cast onto ≈ 5µm thick mica
supports instead of sapphire. The final film was rather
inhomogeneous and had an estimated thickness of 5 µm.
The sample was mounted onto a Peltier equipped sam-
ple stage (for temperatures ranging from -35 to 120 ◦C).
Data acquisition times ranged from 2 to 8 hours per data
set.
III. RESULTS AND DISCUSSION
In Fig. 2 we show a typical series of PL emission data
and, in the inset, the two limiting absorption spectra
from a THF-only solution (sample A) drop-cast PF8 film
recorded on cooling (ca. 3 K/min) from 350 K to 25
K. The majority of these data are comparable to pre-
viously published reports. At temperatures above 130 K
the PL is dominated by three moderately broad emis-
sion features and, at 350 K, these are centered near 2.87,
2.68,and 2.52 eV. They correspond to singlet exciton de-
cay and, within a simple Franck-Condon (F-C) picture,
are indicative of 0-0, 0-1 and 0-2 vibronic transitions be-
tween the lowest level in the 1st excited electronic state
to various vibronic levels within the electronic ground
state manifold. There is a weak shoulder near 2.3 eV
and it is likely dominated by the 0-3 vibronic band tran-
sitions. In support of this we note that this shoulder
exhibits temperature-dependent energy shifts which par-
allel those of the more intense vibronic peaks. Emission
at chemical defects is also a possibility. The presence
of keto type defects is thought to be low in this sample
because its characteristic emission40,41 is typically cen-
tered near 2.3 eV and there is little or no fixed (i.e.,
temperature independent) emission at this energy. The
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FIG. 2: Progression of PF8 sample A photoluminescence
spectra on cooling from 350K (λEx = 390 nm). All PL curves
are self-absorption corrected and offset for clarity. Inset: Two
corresponding absorption spectra with arrows indicating the
β phase 0-0, 0-1 and 0-2 vibronic bands.
F-C type features appear to be superimposed on an ex-
tremely broad emission “band” which is centered near 2.4
eV. This underlying background originates from a vari-
ety of potential experimental sources including residual
α phase emission, unresolved vibronic replicas and in-
terchain (IC) excitations40,42 in addition to the chemical
defects just discussed. The background profile can also
be model dependent43.
Intrachain exciton migration44 is always present so
that the prompt PL45 is strongly dominated by emission
from fluorene segments with the longest effective conju-
gation lengths. Interchain energy transfer processes can
also be significant46. Absorption, at sufficiently short in-
cident wavelengths, occurs throughout the polymer and
so better reflects the average conformational structure
(assuming, of course, that all interband absorption cross-
sections are nearly equal). At 350 K there is only a weak
shoulder at 2.95 eV, associated with the interband ab-
sorption from the β conformer, and a much broader ab-
sorption centered at 3.38 eV characteristic of the α form.
On cooling there is a significant increase (not shown) in
the β phase absorption and, at 25 K, the two higher
energy F-C vibronic bands, again a 0-1 and 0-2, are re-
solved. In this case the transition is between the ground
state and vibronic levels within the 1st excited electronic
state manifold. Although the PL is always dominated by
β type contributions the absorption spectra always indi-
cate that a large proportion of fluorene backbones remain
trapped in the high-temperature α form.
The low temperature PL is far more interesting. The
most notable feature that develops is an excessive nar-
4rowing of the β phase peaks. After correcting for the fi-
nite 18 meV instrumental resolution, and then assuming
a simple convolution of Gaussians47, we arrive at an esti-
mated 18±1 meV 0-0 overall line width for the PF8 poly-
mer at 25 K. This width is many times narrower than is
typically seen in other PFO’s and, as far as we are aware,
is only rivaled in prior polyfluorene studies that have
utilized site-selective fluorescence (SSF) spectroscopy48.
In addition there are also new, relatively weak peaks at
2.93 and 2.73 eV. This paper will later show that these
features are primarily due to emission from 0-0 and 0-1
bands in residual α type regions of the polymer.
At this sharply reduced width both the 0-1 and 0-2
phonon bands manifest a pronounced sub-band struc-
ture with two and three distinguishable components re-
spectively. Splitting of the 0-1 band is resolved in SSF
studies48 as well. Vestiges of the 0-3 sub-band structure
also appear. The overall PL line shape of this polymer
bears a striking resemblance to high resolution studies of
small phenylene vinylene oligomers49 (OPV’s) and this
aids in the identification of the various salient features.
The more intense 0-1 sub-band, at 2.618(±0.002) eV,
is identified with an in-plane deformation mode of the
backbone and its ∼199 meV offset from the 0-0 band, at
2.817(±0.002) eV, matches the energy of a very strong
and well isolated 1600 cm−1 Raman band19. The less in-
tense 0-1 sub-band is about 10% broader and centered at
2.659(±0.002) eV for an offset energy of approximately
158 meV. Because there are a multitude of Raman modes
in the vicinity of 1300 cm−1 a unique assignment is not
possible (although there is a particularly strong band
near 1280 cm−1). More likely it represents a superpo-
sition of modes with the strongest Huang-Rhys coupling
parameters. To represent these “two” sub-bands we fol-
low the nomenclature of Gierschner et al.49 and specify
the two peaks, with approximate offsets of 160 meV and
200 meV, as a1 and b1 modes respectively.
Assignment of the three sub-band features in the 0-
2 band is now straightforward. These correspond to the
three possible linear combinations of the a1 and b1 modes,
a1+a1, b1+b1 and the mixed mode a1+b1 or, equivalently,
a2, b2 and a1,b1 and absolute energies of approximately
2.50 eV, 2.42 eV, 2.46 eV. The most intense of these be-
longs to the mixed mode band and this attribute is also
seen in the recent OPV study49. The 0-3 sub-band struc-
ture is only weakly resolved and this band consists of, at a
minimum, four major sub-bands (i.e., a3, a2+a1, a1+b2
and b3). Quantitative assessment of the F-C vibronic
band lineshapes and positions clearly works best if there
is prior knowledge of the underlying sub-band structure.
A simple analysis and comments on the thermal evolu-
tion of this sub-band structure will be presented later.
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FIG. 3: Selected absorption (right) and photoluminescence
(left, λEx = 400 nm) spectra from PF8 sample C with re-
spect to changes in time (at 40 ◦C) after cooling from the
thermotropic mesophase (to 115 ◦C) Inset: Relative frac-
tion of the β phase emission and absorption versus time
(see text) in comparison with fits to Avrami type expression,
I(t) = 1− exp(−btn).
A. Structure and Spectroscopy of the
Order-Disorder Transition
The discussion now shifts to the nature of the 80 ◦C
ODT and its relationship to the β phase. Structural
phase transitions in polymers can be very sluggish and
the transformation from the α phase to the β phase on
cooling is no exception. In this case a spin-coated sample
was first heated to 115 ◦C while maintaining the sample
in a N2/toluene vapor environment and then moderately
cooled (ca. 6 ◦C/min) to a final temperature of 40±1 ◦C.
Thereafter the time evolution of both the PL and Abs
were alternately recorded. Figure 3 contains a small sub-
set of the sample C results. This specific data is taken
from light incident on the thinned (see Sec. II) narrow
strip between between the polymer free region and that
of the full thickness spin-coated film. We also observe a
dependence of the ODT kinetics with varying PF8 poly-
mer film thickness. This will not be discussed further
except to note that thinner films appear to have faster
kinetics in contradiction to the behavior seen in thin-film
σ-conjugated polysilanes50,51.
Initially the PL consists mainly of very weak α phase
0-0 and 0-1 F-C bands superimposed on the broad back-
ground assumed to be from a variety of possible causes.
New, tell-tale emission indicative of the β phase is re-
solved shortly after (≈ 2 min) reaching the thermal set-
point. PL from the 0-0, 0-1, 0-2 and the 0-3 F-C bands
increases smoothly with time while the original α phase
emission gradually decreases. The underlying broad-
band (BB) background emission also appears to increase
5slightly. The position of all three major β phase vibronic
bands red shifts ≈ 25 meV with time. The majority of
this change occurs at early times. This effect is consis-
tent with a general increase in the backbone planarity
and, concomitantly, enhancement in the effective conju-
gation length.
In the case of absorption the changes are far less dra-
matic and only the low energy β phase 0-0 band is mea-
surably resolved. All together these data are consistent
with a simple two-phase coexistence framework. There
are other notable effects. Not only does PL emission
from the β phase precede its appearance in the absorp-
tion data but the PL intensity increases at a more rapid
pace. This result is comparable to the progression seen
in solution studies of MEH-PPV52 [(poly(2-methoxy,5-
(2′ethyl)-hexyloxy-p-phenylene vinylene)] in which the
solvent quality was step-wise varied to induce both ag-
gregation and PPV backbone planarization. Because the
excitation wavelength is fixed to 3.11 eV (400 nm) ab-
sorption occurs throughout all β phase portions and, to
a lesser extent, in α phase regions as well. A probable ex-
planation for the anomalous PL intensity increase is that
it is simply due to efficient energy migration of excitons
along the polymer backbone and interchain energy trans-
fer from regions having α type conformations to regions
of β phase.
For a more quantitative analysis the following ad hoc
procedure was implemented: The relative proportion of
β phase PL with time, fβ,PL(t), was approximated by
fβ,PL(t) ≡
IPL(t, E)− fα(t)IPL(t = 0, E)
IPL(t = 500 min, E)− fα(t)IPL(t = 0, E)
where IPL is the PL intensity at an energy E which cor-
responds to the time-dependent intensity maximum of
the β-phase 0-0 peak and fα(t) is the relative remaining
fraction of α phase. Since PL emission at 3.00 eV is dom-
inated by the α phase, this fraction is roughly given by
fα(t) ≡ IPL(t, 3.00 eV)/IPL(t = 0 min, 3.00 eV) . The
fraction of β phase absorption, fβ,Abs(t), was specified as
fβ,Abs(t) ≡ IAbs(t, 2.90 eV)− IAbs(t0, 2.90 eV)
IAbs(t = 500 min, 2.90eV)− IAbs(t0, 2.90eV)
where t0 is the time t = 0. This approximation does not
account for the time-dependent energy shifts in the 0-0
interband transition and so its intrinsic accuracy is lower.
A plot of these normalized fractional components is
shown in the Fig. 3 inset in conjunction with a simple
Avrami type fitting function, f(t) = 1−exp(−b tn). This
simple expression is often used to assess nucleation and
growth51,53,54. The best-fit coefficients b, n are (0.055,
0.8) and (0.0035, 1.08) for the PL and Abs curves respec-
tively. An exponent of n = 1 is consistent with athermal
nucleation followed by one dimensional growth. In this
case the growth direction occurs along the chain axis.
The overall increase in the effective conjugation length
with time (as inferred from the red shift in the F-C peak
positions) would be qualitatively consistent with this sce-
nario. The value of b is associated with specific details
of the local environment. In terms of the overall ODT
this is still an ongoing process even after ten hours have
elapsed.
The fit to the absorption data is clearly more consistent
with the Avrami expression and this likely reflects the
fact that all PL spectra include an additional emission
contribution from excitons that have migrated from α
phase regions. The overt PL curve shape change seen
in the vicinity of 100 minutes may simply indicate the
onset of competition between adjoining β phase domains
for excitons which originate in α phase regions. Any
increase in the relative proportion of β phase thereafter
serves only to reduce the effective exciton migration path
in the α phase necessary for reaching β type regions.
A less likely explanation for this pronounced PL onset
could be that β phase regions which achieve the best
structural order actually form first. These sites would
then function as the deepest system traps and thus the
most PL efficient sites would actually form at early times
in the ODT.
By altering the energy of the excitation line it is possi-
ble to use PL spectroscopy as a spatially sensitive probe
of the ODT. The limited spectrometer resolution is prob-
lematic but useful results are still possible. Figure 4 con-
tains optical data using an identical thermal history as
that in the preceding paragraphs except, in this case, the
excitation line is now 2.91 eV (427 nm). This guarantees
that virtually all absorption is restricted to regions hav-
ing transformed to the β phase. Thus, at t = 0, there is
little or no PL signal except for scattering of stray light
from the excitation line. Once again the PL emission
precedes that of β phase absorption. Energy migration
will take place within the β phase and so this result is
not unexpected. In these spectra the PL curves include
only the three most intense F-C bands, 0-0, 0-1, and 0-2,
the broad background and a much weaker 0-3 band emis-
sion as well. Interestingly the data suggests a stronger
time-dependent red shift in the 0-0 band in comparison
to that of the 0-1 and 0-2 bands. The reason for this
behavior is unknown.
One clear advantage is that each mode can be individ-
ually fit using a Gaussian profile and, subsequently, this
intensity can be plotted as a function of time. Fitting
of the 0-0 peak was not expected to be accurate because
of the obvious overlap with the excitation line but good
results were obtained nevertheless. Now that all optical
absorption has been restricted solely to regions of β phase
all three PL band intensities (and Abs curve as well) track
the Avrami expression extremely well. The coefficients
are listed in Table I and these results are similar to those
obtained previously. Since this ODT proceeds relatively
slowly and smoothly we suggest that higher resolution
time-resolved or SSF studies can yield further insight into
this general process of energy migration within “hetero-
geneous” media.
Although the ODT kinetics are slow at 40 ◦C they
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FIG. 4: Selected photoluminescence (left, λEx = 427 nm) and
absorption (inset, leading edge only) spectra from PF8 sample
C (thin spot) with time (at 40 ◦C) after cooling from the ther-
motropic mesophase (to 115 ◦C). At right: Relative fraction
of the β phase F-C vibronic band emission and absorption
versus time (see text) in comparison with fits to Avrami type
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TABLE I: Coefficients from Avrami type fit to expression
I(t) = 1− exp(−btn) for sample C as detailed in Fig. 3 (#1)
and Fig. 4 (#2)
Trial b n
# 1 Abs 0.0035 1.08
PL (λEx = 400 nm) 0.055 0.80
# 2 Abs 0.0057 0.99
PL 0-0(λEx = 427 nm) 0.031 0.72
PL 0-1 0.019 0.77
PL 0-2 0.030 0.68
become progressively more rapid as the level of under-
cooling increases. This is a general phenomenon in
polymers55,56 and it continues until a glass transition is
approached at which point the kinetics once again be-
come more sluggish. This property has major implica-
tions for processing of PF8 thin films. Although thermal
cycling has been often used to improve the conversion
to the β phase one may expect that only a narrow tem-
perature range is actually important for achieving this
effect.
To adequately address this issue it was first necessary
to identify the lowest temperature range in which the PF8
ODT can proceed. Some difficulties were initially en-
countered but the CO2 quenching stage appears to have
effectively suppressed formation of the β phase. Figure
5 displays a series of PL and Abs spectra on warming
(ca. 2 ◦C/min) of a previously quenched/anneal spin-cast
film (sample C) after first heating to 390 K (before the
2.0 2.2 2.4 2.6 2.8 3.0
Energy (eV)
PL
 In
te
ns
ity
 (a
.u.
)
3.0 3.5 4.0 4.5 5
Energy (eV)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
A
bsorbance
2.92
2.752.56
0
10
20
30
40
50
60
295 K
250 K
260 K
110 K
110 
K
200 
K
250 
K
260 
K
290 
K
295 
K
150 
K
FIG. 5: Photoluminescence (left, λEx = 400 nm) and ab-
sorption (right) spectra from PF8 sample C (at a thick spot)
on heating after quenching from thermotropic mesophase (α
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fies the 0-0 β phase absorption band. All curves have been
offset for clarity and the PL data has been corrected for self-
absorption. The anomalous absorption feature at 3.3 eV is an
artifact due to changes in the light source intensity.
quench) in a N2/toluene vapor atmosphere. The 110 K
PL spectra contains little or no traces of the β phase. At
this temperature the frozen α phase sample clearly ex-
hibits a pronounced vibronic F-C progression with 0-0,
0-1 and 0-2 modes centered at the indicated positions.
The 0-1 and 0-2 sub-band structure is not resolved but
its presence is inferred from the uneven energy spacing
of the 0-1 and 0-2 phonon bands. At temperatures below
240 K the overall PL lineshape and intensity variations
resemble those of the branched PF2/6 polymer. The loss
of PL signal from the frozen α phase on warming is quite
striking.
Dramatic change is observed in the PL emission after
passing through 250 K. By 260 K there has been a sharp
increase in the PL intensity from chains now in the β
phase. A well-defined shoulder is seen at 3.00 eV and this
indicates the presence of limited residual emission from
the remaining α phase regions. Further study of the ki-
netics is necessary to better characterize this transition.
The disparity in PL output between the two phases qual-
itatively suggests that the PL yield from the β phase is
significantly higher. At this temperature there is also a
slight hint of β phase absorption, as indicated by the bold
arrow, but the actual proportion of the β phase regions is
quite low. Additional warming has no major effects ex-
cept that the fraction of the β phase continues to increase
somewhat. The largest β phase 0-0 emission intensity ac-
tually occurs in the 270 K spectrum. Longer annealing
7TABLE II: Ordered phase 2θ angles and d-spacings as indi-
cated on the 35 ◦C diffraction profile in Fig. 6.
2θ d-spacing (A˚) 2θ d-spacing (A˚)
6.78 13.04 15.3 5.78
7.87 11.24 17.6 5.03
8.85 9.99 19.2 4.62
12.04 7.35 20.7 4.29
13.1 6.76
times would be necessary to further reduce the relative
proportion of α type emission. Overall these data indi-
cate that temperatures below 250 K are of no importance
for conversion to the β phase.
So far no data or discussion has addressed the relation-
ship of crystallization and changes in interchain packing
to the PF8 ODT. The only relevant facts contained in
the Fig. 5 data are that the actual proportion of β phase
is small and that the molecular level conversion to the
β phase occurs without significant changes in the broad
background emission. Figure 6 contains a series of XRD
profiles from a PF8 film first on warming, after the initial
casting, followed by slow cooling and then on warming af-
ter a more rapid cooling (but not a CO2 spray quench).
The overall statistics are poor but the main intention in
this study was to keep the film as thin as possible for com-
parison purposes to the optical spectra. The as-cast film,
initially cooled to -35 ◦C, exhibits relatively poor struc-
tural order with only a single sharp peak at 2θ=6.82◦ and
a broader feature centered near 20.4◦. These features are
not consistent with earlier fiber data15. They do however
match results from a recent grazing-incidence (GI) thin
film study32 and, on the basis of limited information, the
GI paper has proposed a triangular packing of the PF8
chains. By 40 ◦C there is weak indication of peaks at
13.1◦ and 15.3◦ but absolutely no peak intensity is de-
tectable at either
√
3 or 2 times the wavevector of the
fundamental 2θ=6.82◦ peak. This strongly suggests that
the PF8 polymer does not adopt a hexagonal columnar
type packing in this ordered phase.
Continued heating through the known thermotropic
80 ◦C transition to a PLC phase is paralleled by a com-
plete loss of all sharp scattering features. There is notice-
able hysteresis and the crystalline phase does not reap-
pear on cooling until 50 ◦C. This attests to the very slow
ordering kinetics for forming crystalline phases. A long-
time scan (8 hrs.) at 35 ◦C reveals a series of Bragg peaks
and these are listed in Table II. Indexing of these peaks
proved difficult and, without knowing exactly which are
equatorial and non-equatorial, we cannot tentatively as-
sign an appropriate unit cell. The large, 13 A˚ d-spacing
likely corresponds to packing of the PF8 chains and the
broad 4.3 A˚ feature arises from scattering by the alkyl
side chains. Once again a triangular lattice appears to
be inconsistent with the data.
On even modest cooling from the PLC phase crystal-
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FIG. 6: X-ray powder diffraction profiles from a thick film
(cast from 0.5% PF8 w/w THF/toluene mixture onto mica,
≈ 5µm thick) on warming and cooling as indicated.
lization can be fully suppressed. Both the -10 ◦C and
10 ◦C diffraction profiles exhibit no traces of crystalliza-
tion. Only after warming to 30 ◦C does the ordered phase
return. This temperature is substantially less than the
75 ◦C reported PF8 glass transition temperature but any
residual solvent in this film could function as a plasticizer
and thereby lower this value. We suggest that the re-
ported glass transition corresponds only to temperatures
at which intermolecular translational motions become
possible. Intramolecular conversion to the β phase occurs
even at markedly lower temperatures. Samples annealed
at temperatures at or below the nominal 10 ◦C threshold
can develop a significant fraction of β phase absorption.
We therefore conclude that conversion to the β-phase is a
local, single chain relaxational process that will typically
precede crystallization in the PF8 polymer. For PF8
films the presence of the β phase conformation is a likely
prerequisite for initiating crystallization. This underly-
ing single chain response is a likely cause for reported im-
provements in light-emitting diode (LED) performance
when annealing other polymers at temperatures below
their respective glass transition temperatures57. A high
degree of interchain order is not essential for enhanced
polymer emission properties.
8B. Temperature-Dependent Franck-Condon
Vibronic Structure
We now return to the discussion of the main F-C vi-
bronic bands, the two an and bn sub-bands and the over-
all temperature evolution. Because two distinct vibra-
tional sub-bands are resolved, all 0-n peaks are fit assum-
ing a constrained superposition of these two sub-bands,
an and bn (using Gaussian lineshapes), and all relevant
cross-terms. The most ideal case shown is that of sam-
ple C, as seen in Fig. 7 with the stated thermal history,
and this sample exhibits very little (if any) α phase emis-
sion. At 110 K the net emission at 2.92 eV is less than
2% that of the β phase 0-0 maximum. In all other re-
spects it matches the sample A PL in Fig. 2 except for
a minimal red shift. The a1, b1 sub-band contributions
to the 0-1 lineshape remain distinct even at 110 K and
higher temperatures. For curve fitting the intensity ratio
of the three requisite 0-2 components approximates 1:2:1.
The relative intensities do change with temperature and
the two unmixed sub-bands (i.e., a2 and b2) parallel the
intensity variations in the 0-1 sub-bands. For the four
0-3 sub-bands a nominal ratio of 1:3:3:1 was seen58. In
all cases a smooth, slowly varying background curve was
necessary. This is labelled “BB” in the figure and it orig-
inates from a variety of possible effects (as mentioned
earlier in the text). Finally we note that it was also
necessary to include a weak but localized peak centered
about 2.76 eV. This feature has been identified previously
as a vibronic replica44,59.
The major PL response to heating are the systematic
changes in all peak widths and positions combined with
a gradual loss of the F-C emission. In terms of the sub-
band structure only variations in the relative 0-1 sub-
band intensities are of real quantitative significance and,
surprisingly, these are strongly temperature dependent.
At the lowest temperature the b1 : a1 intensity ratio is
about 3:2 whereas, at 260 K, the curve fitting required
a near 1:1 ratio. This progression may imply subtle un-
derlying changes in the Huang-Rhys coupling to the var-
ious vibronic states or, more likely, the effects of cross-
coupling and anharmonicity. Recent Raman scattering
studies60 of the PF2/6 derivative report a systematic in-
crease in the 1600 cm−1 band intensity on cooling in qual-
itative agreement with these PF8 PL results.
Changes in temperature also strongly affect both the
0-0 PL peak line shape and position. At lower tempera-
tures emission occurs increasingly at chain segments hav-
ing the smallest interband pi−pi∗ transition energies. This
causes both a strong red-shift and narrowing of the 0-0 in
PFO polymers16. One qualitative and often cited expla-
nation is that the freezing out of low energy librational
and vibration modes increases the effective conjugation
length. A cogent counter argument35, based on the obser-
vation that polymer emission strongly resembles that of
the oligomers, discounts this mechanism and states that
this behavior simply reflects the temperature-dependence
of electronic relaxation processes. The actual thermal
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FIG. 7: Sample C photoluminescence (from a thin spot) on
warming from 110 K to 250 K in comparison with PL data of
sample A (at 110 K) and, in addition, the various indicated
modeling profiles from fit to 110 K spectra (dashed lines after
a 50% reduction). In this instance sample C was first heated
to 380 K (in a N2/toluene atmosphere), quenched to -40
◦C,
annealed ca. 1 hr at 10 ◦C and then annealed ca. 1 hr at 40 ◦C.
These PL data also include self-absorption corrections. The
sharp feature at 2.650 eV is a detector artifact.
evolution is sensitive to both the choice of polymer59 and
the physiochemical processing history. Figure 8 displays
the peak position of the 0-0 band versus temperature for
a variety of different PF8 samples and thermal prepa-
ration conditions. Thermal history clearly has a very
strong impact. In the best cases we observe a large linear
temperature dependence of 1.5×10−4 eV/K. In many in-
stances however there are deviations from linearity with
a far more complicated temperature dependence.
Comparisons to the 0-0 peak width progression are
even more striking because the temperature dependence
of each sample strongly tracks that of its own peak po-
sition shift. After accounting for the finite spectrome-
ter resolution even the magnitudes of these changes have
a near one-to-one correspondence. Large net shifts are
observed and, in the case of sample A, a 50±2 meV dis-
placement occurs over the 325 K temperature range. The
evolution of the 0-0 absorption peak position is gener-
ally much weaker and its peak width remains nearly con-
stant. If net increases in the effective conjugation were
dominant then one should expect a qualitatively simi-
lar response. This strong temperature-dependent PL be-
havior is ostensibly more consistent with the electronic
relaxation hypothesis.
A strong correlation between PL width and position
90.04
0.06
0.08
0−
0 
Pe
ak
 w
id
th
 (e
V)
0 100 200 300 400
Temperature (K)
Sample A
Sample B #2
Sample B #3
0−0 PL
0−0 Abs
Sample C
Sample B #1
2.82
2.84
2.86
2.88
2.90
0−
0 
Pe
ak
 p
os
iti
on
 (e
V)
FIG. 8: β phase 0-0 PL and Abs peak positions (bottom) and
width (top, full-width at half-maximum) versus temperature
for selected samples and thermal histories. They are as fol-
lows: • → sample A (see Fig. 2), filled-⋄ → sample C (using
conditions stated in the Fig. 7 caption),  → sample B (#
1, in vacuum, heat to 390 K, cool briefly to ca. 273 K, 3 days
at 293 K), ◦ → sample B (# 2, ca. 24 hr after casting at 293
K), × → sample B (# 3, in vacuum, heat to 390 K, five days
at 70 K , 24 hr at 293 K). With the exception of sample A all
data is recorded during warming from low temperature.
can be modeled by assuming that emission originates
from excitons in thermodynamic equilibrium in states at
the bottom of an exciton band. Thus emission is propor-
tional to a product of the density of states weighted by
the oscillator strength (or D(ε)) times a Boltzmann fac-
tor to give D(ε) exp(−ε/kBT ) in close analogy to emis-
sion from organic molecular crystals61,62. In this case
we expect that intrachain, not interchain, interactions
should dominate the exciton band. An expression with
this form will produce noticeable asymmetry in the 0-0
lineshape and this attribute can be observed in our ex-
perimental data63. A correlated linear dependence of the
peak widths and positions requires a power law density
of states and, in this case, we find that an expression
A(T ) T−5/2ε3/2 exp(−ε/kBT ) qualitatively reflects the
experimental results where A(T ) incorporates the tem-
perature dependence of the integrated intensity and the
factor of T−5/2 provides normalization. With an expo-
nent of 3
2
the shift in peak position is equal to 3
2
kBT
and the full-width at half-maximum is 3kBT and this re-
sult is in approximate agreement with the data shown
in Fig. 8. Extrapolation to zero width gives a threshold
energy, εT = 2.800± 0.003 eV, so the full expression, ig-
noring the effects of instrumental resolution and polymer
inhomogeneities, becomes
PL(ε, T ) = A(T ) T−5/2 (ε− εT )3/2 exp(−(ε− εT )/kBT )
for when ε ≥ εT . Comprehensive analysis would require a
composite function incorporating a distribution of chain
conformations to reflect residual disorder and the pres-
ence of additional low energy F-C vibrational modes36,64
(on the low energy side). A threshold value of 2.80 eV is
still more than 0.13 V higher than the 0-0 peak position in
the planarized ladder-type poly(p-phenylene) polymers44
and therefore we conclude that even in the β phase the
PF8 backbone adopts, on average, a non-planar confor-
mation.
The existence of a 2.80 eV threshold from the β phase
PL is also consistent with the absorption results when
they are extrapolated to zero temperature. In this case
we observe that the β phase 0-0 absorption peaks at 2.87
eV and has a full-width at half-maximum of 0.06 eV.
The onset of this interband absorption occurs at (2.870-
0.060) eV or 2.81 eV which is just above the emission
energy threshold. All together these results and the mod-
eling reinforce the claim that much of the bathochromic
shift originates from electronic relaxation processes.
Better resolution of the underlying sub-band structure
facilitates more general interpretations of the 0-1 and
higher order vibronic peaks. For example, if the rela-
tive intensity variations between the two resolved sub-
bands are not taken into account then one would obtain
temperature-dependent changes of the 0-1 position which
are anomalous. This effect may be, in part, responsible
for the differing 0-0 and 0-1 slopes as reported in Ref. 59.
In our samples we observe only very, small temperature-
dependent shifts of the 0-1 b1 sub-band energy (at top
in Fig. 9) with a coefficient of no more than ≈ 1 × 10−5
eV/K. This result is very sensitive to the exact form of
the fitting function. An increase in the sub-band energy
with reduced temperature is consistent with an increase
in “stiffness” of the surrounding media. In situ Raman
measurements generally show a gradual increase in the
mode energies with reduced temperature21 as well.
A slightly more rigorous analysis of the relative peak
widths is also possible. Figure 10 shows the evolution of
the underlying 0-n sub-band peak widths versus temper-
ature from the two trials that obtained a uniformly linear
response. All peaks widths are comparable and generally
exhibit the same linear trend on warming. At tempera-
tures below 200 K, where the individual sub-band peaks
can distinguished, the intrinsic 0-0, 0-1 and 0-2 compo-
nent peak widths are typically within 20% of one an-
other. Anomalous behavior (i.e., in which the 0-1 and 0-2
widths are less than that of the 0-0 peak) are attributed
to artifacts in the curve analysis due to uncertainties in
the broad background line shape43 and the non-Gaussian
profile of the 0-0 emission band. Alternatively, one can
rigidly specify the 0-0 peak position, a net Huang-Rhys
(H-R) coupling parameter, a single sub-band peak width
and the relative H-R sub-band contributions for the two
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FIG. 9: Above: Energy of β phase b1 sub-band versus temper-
ature for samples A and C (see Figs. 2 and 7 for conditions).
Below: Frozen α phase (i.e., sample C after quench) 0-0 peak
width (full-width at half-maximum) and position as a func-
tion of temperature.
resolved sub-bands (plus their positions) for a total of
only 6 free parameters. With only minor modifications
to account for systematic effects (e.g., the ≈ 10% width
difference between the a1 and b1 sub-bands) and a slowly
varying background profile we obtain almost equally good
fits to the experimental data (not shown). For sample C,
at 110 K, an H-R parameter of 0.63 ± 0.03 is obtained
and it increases gradually to approximately 0.8 at tem-
peratures near 300 K. This progression is similar to that
reported for the PF2/6 polymer59 although the PF2/6
polymer conformation is more α phase like.
The PL temperature dependent behavior of the frozen
PF8 α phase film (i.e., sample C after quenching) can
be analyzed as well using the aforementioned treatment
and these results are shown in both Figs. 9 and 10. In
this case the 0-0 peak position shift is not linear over the
accessible temperature range and the net width change is
more than twice as great as that of the energy shift. At
temperatures near 250 K, the point at which rapid con-
version to the β phase initiates, there is increased uncer-
tainty in the curve fitting because there is some indication
that there may be more that one spectral feature com-
prising the 0-0 PL peak. Including the sub-band struc-
ture in the curve fitting gives, at 110 K , a b1 offset energy
of 205(±5) meV. This value is somewhat higher than that
of the β phase. Raman studies19 have reported a small
drop from 1605 cm−1 to 1602 cm−1 on PF8 crystalliza-
tion; a result qualitatively consistent with this observa-
tion. Naively one might expect crystallization to increase
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at half-maximum) versus temperature for sample A β phase
(bottom, see Fig. 2 for conditions), sample C in the β phase
(middle, see Fig. 7 for conditions) and quenched sample C in
the α phase (top).
the elastic constants. The 0-1 PL peak width progression
is relatively linear and its magnitude is ≈ 3×10−4 eV/K;
a value approximately twice that of the β phase. The
H-R parameter is close to 0.75 at 110 K and this param-
eter also increases somewhat with temperature. Without
narrower 0-n lineshapes, better knowledge of the broad
background and more clearly resolved F-C modes in the
absorption spectra further interpretation is unwarranted.
IV. CONCLUSIONS
The presence of mesomorphic behavior in conjugated
polymers provides a unique opportunity for probing
structure/property relationships and their influence on
both charge transport and photophysics. This claim
must be strongly tempered by the fact that both residual
disorder and the intrinsic nature of this phase behavior
can generate a diverse set of results. In the PF8 polymer
it is the sluggish nature of the ODT and the persistence
of processing related heterogeneities which creates signif-
icant obstacles for experimental studies.
Through a combination of temperature and time de-
pendent studies we have documented many of these ef-
fects and have gained additional insight into the nature of
the ODT in PF8. By approaching the ODT on both cool-
ing and heating it is possible to fully isolate the effects
of local intrachain relaxation at the molecular level from
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those that pertain to interchain motion and subsequent
crystallization. Quenching experiments unambiguously
show that formation of the β phase corresponds first and
foremost to intrachain relaxation. Once the polyfluorene
chains have adopted this more planar conformation then
interchain ordering and crystallization can progress. Sim-
ilar behavior is seen in alkyl-substituted polysilanes65.
On heating through the ODT the loss of intrachain and
interchain structural ordering is well correlated.
Samples with improved structure order at the molec-
ular level have enabled a more complete description of
the F-C vibronic progression in the emission spectra.
Higher order 0-n bands include strong contributions by
the mixed-mode cross terms and this behavior parallels
that of recent OPV studies. Analysis of the 0-0 PL peak
shows features indicative of emission from excitons which
are thermally equilibrated. This result is very strong evi-
dence in support of prior claims that electronic relaxation
processes are the dominant mechanism for bathochromic
shifts in conjugated polymer PL. However the evidence
presented in this work is identified with an electronic
band and, if this behavior truly arises from intrachain
interactions, therefore highlights a polymeric attribute.
Analysis of the 0-0 data could be further extended in fu-
ture studies to directly extract the quasi-one-dimensional
exciton band dispersion for comparison with ab initio
quantum chemical methods66 which can derive excited
state geometries.
Acknowledgments
We gratefully acknowledge NSF support of this work
through grant DMR-0077698. One of the authors
(M.J.W.) has benefited greatly from illuminating and
fruitful discussions with Egbert Zojer, Suchi Guha, Niels
Harrit and Donal Bradley. Egbert Zojer and Avadh Sax-
ena are both acknowledged for critical readings of the
manuscript. We thank Suchi Guha and coworkers for
communication of their work prior to publication. We
also acknowledgeWithoon Chunwachirasiri for assistance
in acquiring the spectroscopic data.
∗ mwinokur@wisc.edu; http://romano.physics.wisc.edu
1 For comprehensive reviews see The Handbook of Conduct-
ing Polymers, 2nd Ed, T.A. Skotheim, R.L. Elsenbaumer
and J.R. Reynolds, eds., (Mercel-Dekker, New York, Basel,
Hong Kong, 1997) or the Handbook of Organic Conductive
Molecules and Polymers, H.S. Nalwa, ed., (J. Wiley & Sons
Ltd., New York, 1997).
2 J. Cornil, D. Beljonne, J. P. Calbert, and J. L. Bre´das,
Adv. Mat. 13, 1053 (2001).
3 R. D. McCullough, Adv. Mat. 10, 93 (1998).
4 H. Sirringhaus, T. Kawase, R. Friend, T. Shimoda, M. In-
basekaran, W. W., and E. Woo, Science 290, 2123 (2000).
5 A. W. Grice, D. D. C. Bradley, M. T. Bernius, M. In-
basekaran, W. W. Wu, and E. P. Woo, App. Phys. Lett.
73, 629 (1998).
6 R. W. T. Higgins, A. P. Monkman, H. G. Nothofer, and
U. Scherf, Appl. Phys. Lett. 79, 857 (2001).
7 D. Neher, Macro. Rap. Comm. 22, 1366 (2001).
8 T. M. Brown, R. H. Friend, I. S. Millard, D. J. Lacey,
J. H. Burroughes, and F. Cacialli, Appl. Phys. Lett. 79,
174 (2001).
9 M. Leclerc, J. Polym. Sci. A 39, 2867 (2001).
10 D. Neher, Macro. Rapid Comm. 22, 1366 (2001).
11 G. Zeng, W. L. Yu, S. J. Chua, and W. Huang, Macro-
molecules 35, 6907 (2002).
12 A. Wohlgenannt and Z. V. Vardeny, Synth. Met. 125, 55
(2001).
13 B. Schartel, V. Wachtendorf, M. Grell, D. Bradley, and
M. Hennecke, Phys. Rev. B 60, 277 (1999).
14 M. Redecker, D. D. C. Bradley, M. Inbasekaran, and E. P.
Woo, App. Phys. Lett. 74, 1400 (1999).
15 M. Grell, D. D. C. Bradley, G. Ungar, J. Hill, and K. S.
Whitehead, Macromolecules 32, 5810 (1999).
16 A. J. Cadby, P. A. Lane, H. Mellor, S. J. Martin, M. Grell,
C. Giebeler, D. D. C. Bradley, M. Wohlgenannt, C. An,
and Z. V. Vardeny, Phys. Rev. B 62, 15604 (2000).
17 J. Teetsov and D. A. Vanden Bout, Langmuir 18, 897
(2002).
18 M. Shkunov, R. O¨sterbacka, A. Fujii, K. Yoshino, and
Z. Vardeny, App. Phys. Lett. 74, 1648 (1999).
19 M. Ariu, D. G. Lidzey, and D. D. C. Bradley, Synth. Met.
111, 607 (2000).
20 O. J. Korovyanko and Z. V. Vardeny, Chem. Phys. Lett.
356, 361 (2002).
21 H. Liem, P. Etchegoin, K. S. Whitehead, and D. D. C.
Bradley, J. Appl. Phys. 92, 1154 (2002).
22 L. A. Harrah and J. M. Zeigler, J. Polym. Sci., Polym.
Lett. Ed. 23, 209 (1985).
23 S. D. D. V. Rughooputh, S. Hotta, A. J. Hegger, and
F. Wudl, J. Polym. Sci., Polym. Phys. Ed. 25, 1071 (1987).
24 M. J. Winokur, D. Spiegel, Y. H. Kim, S. Hotta, and A. J.
Heeger, Synth. Met. 28, C419 (1989).
25 S. Tirapattur, M. Belletete, N. Drolet, J. Bouchard,
M. Ranger, M. Leclerc, and G. Durocher, J. Phys. Chem.
B 106, 8959 (2002).
26 M. Oda, H. G. Nothofer, U. Scherf, V. Sunjic, D. Richter,
W. Regenstein, and D. Neher, Macromolecules 35, 6792
(2002).
27 Y. H. Geng, A. Trajkovska, D. Katsis, J. J. Ou, S. W.
Culligan, and S. H. Chen, J. Amer. Chem. Soc. 124, 8337
(2002).
28 M. Grell, D. Bradley, X. Long, T. Chamberlain, M. In-
basekaran, and E. Woo, Acta Polym. 49, 439 (1998).
29 Throughout this paper we use α and β to represent the two
known PF8 backbone conformations and do not associate
these references to a specific crystalline phase.
30 A. J. Cadby, P. A. Lane, M. Wohlgenannt, C. An, Z. V.
Vardeny, and D. D. C. Bradley, Synth. Met. 111, 515
(2000).
31 G. Lieser, M. Oda, T. Miteva, A. Meisel, H. Nothofer, and
12
U. Scherf, Macromolecules 33, 4490 (2000).
32 S. Kawana, M. Durrell, J. Lu, J. E. Macdonald, M. Grell,
D. D. C. Bradley, P. C. Jukes, R. A. L. Jones, and S. L.
Bennett, Polymer 43, 1907 (2002).
33 N. T. Harrison, D. R. Baigent, I. D. W. Samuel, R. H.
Friend, A. C. Grimsdale, S. C. Moratti, and A. B. Holmes,
Phys. Rev. B 53, 15815 (1996).
34 R. Kersting, B. Mollay, M. Rusch, J. Wenisch, G. Leising,
and H. F. Kauffmann, J. Chem. Phys. 106, 2850 (1997).
35 H. Ba¨ssler and B. Schwitzer, Acc. Chem. Res. 32, 173
(1999).
36 S. P. Kennedy, N. Garro, and R. T. Phillips, Phys. Rev. B
64, 5206 (2001).
37 N. Miyaura and A. Suzuki, Chem. Rev. 95, 2457 (1995).
38 M. Bernius, I. M., E. Woo, W. Wu, and L. Wujkowski,
Proc. SPIE 3261, 93 (1999).
39 A small reduction in the molecular weight may actually
help reduce molecular entanglement as a source of inho-
mogeneous broadening.
40 J. Lupton, M. Craig, and E. Meijer, App. Phys. Lett. 80,
4489 (2002).
41 E. J. W. List, R. Guentner, P. S. de Freitas, and U. Scherf,
Adv. Mat. 14, 374 (2002).
42 S. Guha and U. Scherf, private communication.
43 Throughout this work we conveniently chose superposi-
tions of Gaussians to represent the individual Franck-
Condon vibronic peaks. More accurate descriptions would
require a Lorentzian component as has been done for other
conjugated polymers [see, e.g., T.W. Hagler, K. Parbaz,
K.F. Voss and A.J. Heeger, 44, Phys. Rev. B, 8652 (1991)].
44 E. J. W. List, C. Creely, G. Leising, N. Schulte, A. D.
Schluter, U. Scherf, K. Mullen, and W. Graupner, Chem.
Phys. Lett. 325, 132 (2000).
45 S. Meskers, J. Hu¨bner, M. Oestreich, and H. Ba¨ssler, J.
Phys. Chem. 105, 9139 (2001).
46 D. Beljonne, G. Pourtois, C. Silva, E. Hennebicq, L. Herz,
R. Friend, G. Scholes, S. Setayesh, K. Mu¨llen, and
J. Bre´das, Proc. Nat. Acad. Sci. 99, 10987 (2002).
47 This represents an upper limit. If there are Lorentzian
components to the lineshape then the extrapolated width
would be even lower.
48 S. C. J. Meskers, J. Hubner, M. Oestreich, and H. Bassler,
Chem. Phys. Lett. 339, 223 (2001).
49 J. Gierschner, H. G. Mack, L. Luer, and D. Oelkrug, J.
Chem. Phys. 116, 8596 (2002).
50 C. W. Frank, V. Rao, M. M. Despotopoulou, R. F. W.
Pease, W. D. Hinsberg, R. D. Miller, and J. F. Rabolt,
Science 273, 912 (1996).
51 M. M. Despotopoulou, C. W. Frank, R. D. Miller, and J. F.
Rabolt, Macromolecules 29, 5797 (1996).
52 C. Collison, L. Rothberg, V. Treemaneekarn, and Y. Li,
Macromolecules 34, 2346 (2001).
53 M. Avrami, J. Chem. Phys. 7, 1103 (1939).
54 M. Avrami, J. Chem. Phys. 8, 212 (1940).
55 A. Keller and S. Z. D. Cheng, Polymer 39, 4461 (1998).
56 S. Z. D. Cheng and A. Keller, Ann. Rev. Mat. Sci. 28, 533
(1998).
57 Y. H. Niu, Q. Hou, and Y. Cao, App. Phys. Lett. 81, 634
(2002).
58 The relative intensities of the 0-2 and 0-3 vibronic sub-
bands self-consistently track those of the two defined 0-1
sub-bands with temperature.
59 S. Guha, J. Rice, Y. Yau, C. Martin, and M. Chan-
drasekhar, submitted to Phys. Rev. B, arXiv:cond-mat,
0206357 (2002).
60 S. Guha, private communication.
61 Colson, J. Chem. Phys. 48, 3324 (1968).
62 D. Hanson, J. Chem. Phys. 42, 3409 (1970).
63 The assumption of a Gaussian line shape is a reasonable
approximation but close inspection show clear systematic
failings. Higher spectrometer resolution is necessary for a
thorough and proper analysis.
64 P. Papanek, J. E. Fischer, J. L. Sauvajol, A. J. Dianoux,
G. Mao, M. J. Winokur, and F. E. Karasz, Phys. Rev. B
50, 15668 (1994).
65 W. Chunwchirasiri, R. West, and M. J. Winokur, Macro-
molecules 33, 9720 (2000).
66 S. Tretiak, A. Saxena, R. Martin, and A. Bishop, Phys.
Rev. Lett. 89, 7402 (2002).
